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Abstract The temperature response to stress changes of rocks is key to understanding temperature
anomalies in geoscience phenomena such as earthquakes. We developed a new hydrostatic compression
system in which the rock specimen center can achieve adiabatic conditions during the ﬁrst ~10 s following
rapid loading or unloading and systematically measured several representative sedimentary, igneous, and
metamorphic rocks sampled from two seismogenic zones (the Longmenshan Fault Zone in Sichuan and the
Chelungpu Fault Zone (TCDP Hole-A) in Taiwan) and several quarries worldwide. We built a ﬁnite element
model of heat conduction to conﬁrm themeasured results of temperature response to stress changes of rocks.
The results show that (1) the adiabatic pressure derivative of the temperature (β) for most crustal rocks is
~1.5 mK/MPa to 6.2 mK/MPa, (2) the temperature response to stress of sedimentary rocks (~3.5–6.2 mK/MPa)
is larger than that of igneous and metamorphic rocks (~2.5–3.2 mK/MPa), and (3) there is good linear
correlation between β (in mK/MPa) and the bulk modulus K (in GPa): β = (0.068K + 5.69) ± 0.4, R2 = 0.85. This
empirical equation will be very useful for estimating the distribution of β in the crust, because K can be
calculated when proﬁles of crustal density (ρ) and elastic wave velocities (Vp, Vs) are obtained from gravity
surveys and seismic exploration.
Plain Language Summary The temperature responses of rocks to stress changes are key to
understanding temperature anomalies in geoscience phenomena such as earthquakes. We developed a
new hydrostatic compression system in which the rock specimen center can achieve adiabatic conditions
during the ﬁrst ~10 s following rapid loading or unloading and systematically measured several
representative sedimentary, igneous, and metamorphic rocks sampled from two seismogenic zones and
several quarries worldwide. We built a ﬁnite element model of heat conduction to conﬁrm the measured
results of temperature response to stress changes of rocks. The results show that (1) the adiabatic pressure
derivative of the temperature for most crustal rocks is ~1.5 mK/MPa to 6.2 mK/MPa, (2) the temperature
response to stress changes of sedimentary rocks is larger than that of igneous and metamorphic rocks, and
(3) there is good linear correlation between the adiabatic pressure derivative of the temperature and the
bulk modulus, which is therefore a useful empirical equation for estimating the distribution of the
temperature response to stress changes in the crust, because the bulk modulus can be calculated much
more easily.
1. Introduction
The thermal state of the crust can be inﬂuenced by a change in stress state. This change can be caused by
various geological processes, e.g., mantle convection, plate motions, earth tides, volcanic eruptions, or
earthquakes. In particular, when a huge earthquake occurs, the coseismic stress change occurs not only
within the rupturing fault zone but also in the hanging/foot walls and even in a wider region [Bouchon,
1997; Olsen et al., 1997]. Based on thermoelasticity theory, the temperature of rocks may change in associa-
tion with the coseismic stress change that occurs at the same time as elastic deformation [Boley and Weiner,
1960; Chen et al., 2016]. Seismic activity has been reported to alter surface and near-surface temperatures. For
example, slow temperature changes prior to large earthquakes were ﬁrst reported more than a century ago
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[Milne, 1886]. Also, satellite thermal imaging data indicate long-term thermal ﬁelds associated with large lin-
ear structures and fault systems [Carreno et al., 2001] as well as short-term thermal anomalies prior to major
earthquakes [Ma and Shan, 2000; Tronin et al., 2002; Ouzounov and Freund, 2004]. Additionally, systematic
changes in groundwater temperature have been reported widely after earthquakes, such as the Tangshan
earthquake in China (27 July 1976, Mw 7.8) [Wang and Zhu, 1984], the Chi-Chi earthquake in Taiwan (21
September 1999, Mw 7.6) [Wang et al., 2012; Wang et al., 2013], and the Tohoku earthquake in Japan (11
March 2011, Mw 9.0) [Orihara et al., 2014].
Recently, there have been numerous reports concerning temperature anomalies caused by seismic activity,
examined from the ground surface and oceanic seaﬂoor. For example, a basement rock temperature
change was observed in Kangding before the Lushan earthquake in China (20 April 2013, Mw 7.0) [Chen
et al., 2013, 2016]. Also, the seaﬂoor water temperature increased (up to 0.1°C) in less than 10 h in the source
region of the 2011 Tohoku earthquake [Inazu et al., 2014]. Furthermore, borehole temperature
measurement results show that there were both positive and negative temperature anomalies that
followed the 1999 Chi-Chi earthquake [Kano et al., 2006; Tanaka et al., 2006; Tanaka et al., 2007], the
2008 Wenchuan earthquake (12 May 2008, Mw 7.9) [Li et al., 2013; Li et al., 2015], and the 2011 Tohoku earth-
quake [Fulton et al., 2013]. The positive temperature anomaly has become well known because of the fric-
tional heating that occurred during earthquake faulting [Tanaka et al., 2006; Fulton et al., 2013; Li et al.,
2015]. However, the negative temperature anomaly still has not been noted and expressly addressed. In
fact, not only frictional heating but also elastic deformation of rock can contribute to variations in tempera-
ture. However, the relationship between stress change or elastic deformation and temperature change has
yet to receive much attention. Consequently, the temperature response properties associated with stress
changes in rocks are key to improving understanding of temperature anomalies. Some theoretical and
experimental studies have been conducted on the thermoelastic response of rocks and the thermody-
namics of minerals [Waldbaum, 1971; Richter and Simmons, 1974; Wong and Brace, 1979; McTigue, 1986;
Wong et al., 1987; Wong et al., 1988; Stixrude and Lithgow-Bertelloni, 2005; Ma et al., 2007; Mosenfelder
et al., 2007; Chen et al., 2009; Ma et al., 2012; Chen et al., 2015]; however, it is still very difﬁcult to carry
out experiments under adiabatic conditions because there must be heat exchange when the loading/
unloading system is open to the air.
Consequently, we developed a new hydrostatic compression system in which the center of the rock speci-
men can be identiﬁed by adiabatic conditions during the ﬁrst several seconds (~10 s) following rapid loading
or unloading and measured systematically using typical rocks sampled from the Longmenshan Fault Zone,
the Taiwan Chelungpu-Fault Drilling Project (TCDP), Hole-A, and several quarries in the world.
2. Theoretical Background
The temperature of an elastic substance will change when it is compressed or stretched under adiabatic con-
ditions. Based on classical thermoelastic theory, a convenient relationship between the temperature change




where, T0 is the thermodynamic temperature; ρcp is the volumetric heat capacity at constant pressure; αl is
the coefﬁcient of linear thermal expansion; S = (σ1 + σ2 + σ3) is the sum of the maximum, intermediate,
and minimum principal stresses (σ1, σ2, and σ3); and a positive value indicates compression in this study
[Boley and Weiner, 1960; Wong et al., 1987; Wong et al., 1988]. In a hydrostatic compression system, the
maximum, intermediate, and minimum principal stresses equate to the conﬁning pressure P (i.e., hydrostatic
pressure, and σ1 = σ2 = σ3 = P). Therefore, the sum of the principal stresses equates to 3 times the conﬁning
pressure (S = 3P), and equation (1) can be rewritten as






where, αv is the coefﬁcient of volumetric thermal expansion at thermodynamic temperature T0, which is 3
times αl (i.e., αv = 3αl). If (∂T/∂P)s is deﬁned as the adiabatic pressure derivative of the temperature of the
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rock at T0, then we can measure (∂T/∂P)s by monitoring the temperature response of the rock to a conﬁning
pressure change under adiabatic conditions




Chen et al. [2015] analyzed the principal stress-strain variation and temperature response in detail based on
thermodynamics, elastic strain theory, and experiments on both ideal material and rock. Their results imply
that temperature change is only related to the volume strain variation and that pure shear deformation does
not contribute to temperature variation. Consequently, we can measure the adiabatic pressure derivative of
the temperature (β = dT/dP) of a rock sample at T0 directly by monitoring the temperature change of the rock
sample (dT) and the conﬁning pressure change (dP) that occur during a rapid loading or unloading process in
the hydrostatic compression system.
3. Experimental Methods and Results
3.1. Rock Samples and Their Physical Properties
We prepared 15 cylindrical rock specimens with diameters (D) of 50.0 mm and lengths (L) of 50.0 mm. The
samples included sandstone, siltstone, tuff, limestone, cataclasite, basalt, granite, and granodiorite. Nine
samples were collected from the Longmenshan Fault Zone (Table S1 and Figure S1 in the supporting
information) and two from the Taiwan Chelungpu Fault Drilling Project (TCDP), Hole-A (Figure S2). Several
of these 11 rock samples were collected in or near seismic fracture zones that resulted from the Chi-Chi
and Wenchuan earthquakes of 1999 and 2008 (Figures S1c and S2b). The other four rock samples are
Rajasthan sandstone from India, Berea sandstone from the U.S., and Tage welded tuff and Karatsu basalt
from Japan. All of the rock specimens were dried in an oven at 60°C for more than 5 days and then moved
into a desiccator for cooling to room temperature while keeping dry. The basic physical properties of these
rocks in a dry state were measured at room temperature (24–25°C) and atmospheric pressure (~0.1 MPa).
The results are listed in Table 1. Grain densities (ρm), dry densities (ρdry), and porosities (ϕ) were measured
based on the principle of buoyancy (the Archimedes principle) [Franklin, 1979]. Thermal conductivities (λ),
thermal diffusivities (κ), and volumetric heat capacities (ρc) were measured at room temperature (24–25°
C, with the exception of L28, L31, RJS, SS, and HS at 28–29°C and RJ and TG at ~20°C) and atmospheric pres-
sure in a constant temperature box with the hot-disk method [Gustafsson, 1991; ISO, 2008; Lin et al., 2014].
Velocities of P waves (Vp) and S waves (Vs) were measured with 500 kHz and 100 kHz natural frequency oscil-
lators, respectively. The elastic wave velocities were then used to calculate the dynamic Young’s modulus (E),
Poisson’s ratios (ν), and bulk modulus (K) according to the methods for laboratory-based determination of
pulse velocities and ultrasonic rock constants [ASTM, 1999]. The porosity and bulk modulus values of the
15 rocks range from 0.27% to 29.97% and 7.43 GPa to 52.06 GPa (except for the Tage welded tuff (TTF)),
respectively, which corresponds to very large variations in the mechanical strength of these rocks. The bulk
modulus decreases obviously with increasing porosity (Figure S3). Note that it was not easy to measure Vs of
TTF due to its low mechanical strength and high porosity of ~29.97%. Therefore, we have no data for the
Young’s modulus (E), Poisson’s ratio (ν), or bulk modulus (K) of TTF.
3.2. Measurement System
To load and unload rapidly, we developed a new hydrostatic compression system with two pressure vessels
and a servo-controlled pump that provides pressure of up to 130 MPa at room temperature (~22–24°C)
(Figure 1). Both pressure vessels are ﬁlled with silicone oil as the pressure medium. To avoid oil permeating
into the pores of the rock sample, there are two dielectric silicone and rubber end pieces, each 50 mm in
height, at the top and bottom of the rock specimen. The silicone end piece includes two parts, each
25 mm thick (Figures 1 and 2a). One is hard silicone. The other is soft silicone, which is made of two original
silicone components produced by Shin-Etsu Chemical Co., Ltd (Figure S4). Figure S5 shows the assembly
process in detail. And there is the detailed description about the sample assembly in the supporting informa-
tion. Between the rock specimen and the silicone/rubber end pieces, there are two pieces of 5 mm thick hard
plastic (Figures 2a and 2b). There is a hole with a diameter of 2.8 mm in the center of the top hard plastic piece
(Figure S5c).
Journal of Geophysical Research: Solid Earth 10.1002/2016JB013645















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Journal of Geophysical Research: Solid Earth 10.1002/2016JB013645
YANG ET AL. TEMPERATURE RESPONSE TO STRESS CHANGES 5104
Figure 1. Schematic diagram of the new hydrostatic compression system developed in this study for measurement of the adiabatic pressure derivative of the
temperature (β). The system consists of two pressure vessels with a servo-controlled pump that provides pressure up to 130 MPa. The sample assembly is placed
in Pressure Vessel B. The volumes of Vessels A and B, the syringe pump, and sample assembly are about 88 cm3, 1257 cm3, 65 cm3, and 340 cm3, respectively. Three
temperature sensors (T01 in sample center, T02 on sample surface, and T03 in oil around the rock specimen in the Pressure Vessel B) were deployed for monitoring
temperature changes during rapid loading/unloading processes, along with a temperature data logger and a conﬁning pressure data logger.
Figure 2. (a) Schematic diagram and pictures of rock specimen assembly (b) before and (c) after being enveloped with
rubber jacket and O-rings. HS is hard silicone (pink), SS is soft silicone (gray), HP is hard plastic (white), RJ is rubber jacket
(orange), HR is hard rubber (black), and TG is thermally conductive silicone grease (yellow). The size of temperature sensors
is 1.95 mm × 1.25 mm × 0.93 mm, and the diameter of wires is 0.2 mm.
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All of the silicone, rubber, and plastic pieces are 50 mm in diameter, like the rock specimen (Figure 2a). We
enveloped them together with a rubber jacket and three O-rings on each end piece. One O-ring is between
the hard silicone/rubber end piece and the rubber jacket. Two are around the outside of the rubber jacket
(Figures 2a and 2c). After measuring the primary physical properties, we drilled a hole that was 2.8 mm in
diameter (Dh) and 26.0 mm in depth (H) in the center of each rock specimen (Figures 1 and 2a). Then, we
installed temperature sensors (PT1000 M213 Class-B, one kind of platinum resistance temperature detector
produced by the Heraeus Sensor Technology GmbH, Kleinostheim, Germany) through the silicone end piece
and the top hard plastic piece in the center (T01) and on the surface (T02) of the sample in addition to a tem-
perature sensor in the oil (T03) (Figures 1, 2a, and 2b and S5c). The three temperature sensors were con-
nected to the temperature data logger, which we designed based on a bridge reversal excitation circuit
with a high temperature resolution of ~1.0 mK at room temperature [Qin et al., 2013]. The center hole of
the specimen was ﬁlled with thermally conductive silicone grease (yellow area in Figures 1 and 2a), which
is a type of paste material similar to toothpaste (Figure S6) and is very effective for sensitive response of
the sensor T01 to the temperature change in the rock sample center. Thus, during the rapid loading and
unloading processes, we can monitor the conﬁning pressure (oil pressure, P) and temperature changes of
the rock specimen and oil with the pressure data logger (TDS-303, Tokyo Sokki Kenkyujo Co. Ltd, Tokyo,
Japan) and the temperature data logger with a data sampling interval of 1 s.
3.3. Experimental Procedure
After the dry rock specimen was cooled to room temperature in a desiccator, the experiment consisted of
four main steps. (1) We placed the sample assembly in Vessel B and closed valves V02 and V03 while keeping
valve V01 open (Figure 1). (2) We increased the conﬁning pressure in Vessel A to a predetermined high pres-
sure (e.g., 125 MPa) using the servo-controlled pump and kept it constant at room temperature for at least 4 h
for the system to achieve temperature equilibrium, as much as that was possible. During this period, the con-
ﬁning pressure in Vessel B was kept at a lower pressure. (3) We rapidly loaded the rock specimen by manually
opening valve V02. The conﬁning pressure in Vessels A and B should be the same after opening valve V02,
and it was kept constant for more than 4 h to enable the system temperature to reach equilibrium again.
(4) We then closed valve V02 and opened valve V03 to instantaneously unload the conﬁning pressure in
Vessel B to atmospheric pressure. For each rock specimen, a set of tests was carried out with a range of
conﬁning pressure changes. The key experimental records and results are listed in Table S2. The maximum
conﬁning pressure in Vessel B was set to 50 MPa, which is much lower than the strength of the rocks.
Therefore, there is no inﬂuence of stress loading history on the temperature response during multiple tests
for the same rock specimen.
Taking the ﬁfth loading and unloading test for Rajasthan sandstone (RJS-05) as an example, the system tem-
perature tended to equilibrium at around 23°C (Table S2), after waiting for more than 4 h following the instal-
lation of the specimen in Vessel B. During the temperature equilibrium period, the conﬁning pressures in
Vessels A and B were kept at 125 MPa and 1.7 MPa, respectively. At 13:57:51 (equivalent to t = 0 s in
Figure 3a1), valve V02 was rapidly opened manually. The conﬁning pressure in Vessel A rapidly reduced to
13.61 MPa from 125 MPa within 1–2 s. Coincident with this, the conﬁning pressure in Vessel B rapidly
increased from 1.7 MPa to 13.61 MPa (Figures 3a1 and 3a2). During this rapid loading process, we observed
a rapid rise in temperature of the Rajasthan sandstone (T01 in center and T02 on surface) and oil (T03)
(Figures 3a1 and 3a2), followed by a gradual decrease. About 4 h later, the whole system had almost achieved
temperature equilibrium (~23°C) once again (Figure 3a1). Finally, we opened valve V03 manually at 18:03:00
(t = 14710 s in Figure 3a1 and t = 0 s in Figure 3a3). The conﬁning pressure then dropped almost instanta-
neously to atmospheric pressure (~0.1 MPa) from 13.36 MPa within 1–2 s (Figures 3a1 and 3a3). The tempera-
ture of the rock specimen and oil dropped rapidly at the same time. Finally, the system temperature slowly
reverted to room temperature. During tests L28-08 and TTF-01, similar temperature responses were recorded
by the same procedure and operation (Figures 3b1–3b3 and 3c1–3c3). These results indicate that the
hydrostatic compression system can be successfully used to rapidly load and unload within 1–2 s.
3.4. Experimental Data Analysis
In this section, the relationship between the conﬁning pressure change (dP) in Vessel B and temperature
change in the rock specimens (dT) during the loading/unloading process is analyzed in detail. From
Figure 3, it is not easy to understand the temperature change of the rock sample (dT01) during the
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loading/unloading process because the temperature change of oil (dT03) was much larger during the same
period. However, dT01 is the true rock sample temperature change that we want to know in detail. Therefore,
here we only show the changes of conﬁning pressure in Vessel B and the center temperature of rock
specimens in tests RJS-05 (Figures 4a1 and 4a2), L28-08 (Figures 4b1 and 4b2), and TTF-01 (Figures 4c1
and 4c2) during the loading/unloading process, respectively.
Figure 4 illustrates that there are steps in the center temperature change from t = 7 s to t = 14 s in test RJS-05
(Figures 4a1 and 4a2), t = 10 s to t = 20 s in test L28-08 (Figures 4b1 and 4b2), and t = 16 s to t = 30 s in test
TTF-01 (Figures 4c1 and 4c2) after rapid manual opening of valves V02 or V03, respectively (this is the basis for
Figure 3. Changes of temperature (dT) and conﬁning pressure (dP) in Vessel B during (a1, b1, c1) the loading and unloading processes for tests RJS-05, L28-08, and
TTF-01, (a2, b2, c2) only the loading process, and (a3, b3, c3) only the unloading process, respectively. The rock specimens in tests RJS-05, L28-08, and TTF-01 are
sandstone, siltstone, and welded tuff from Rajasthan, India; Longmenshan Fault Zone, China; and Tage, Japan; respectively. T01 is in the sample center, T02 is on the
surface of sample, and T03 is in oil. The background temperature (around 23°C, see in Table S2) was removed (similarly hereinafter). Thus, only temperature changes
are seen here. In tests RJS-05, L28-08, and TTF-01, the point of rapid loading/unloading are set to be the initial times (i.e., t = 0, similarly hereinafter).
Figure 4. Changes of conﬁning pressure (dP) in Vessel B and temperature (dT) in the center of rock specimens during rapid loading and unloading processes in tests
(a1, a2) RJS-05, (b1, b2) L28-08, and (c1, c2) TTF-01, respectively.
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selecting the steps of each test in
section 4.2, Numerical Predictions and
Comparison With Experimental
Results). In theory, the center tempera-
ture of the rock sample (dT01) should
change instantaneously after opening
the valve. However, the center hole
was full of thermally conductive silicone
grease, which needs an input/output of
energy before its temperature rises to
the rock sample temperature during
rapid loading/unloading process. Thus,
after opening valve V02 or V03, the
actual measured temperature changed
gradually until the rock sample and sili-
cone grease achieved temperature equilibrium. This process lasted about 7 s for Rajasthan sandstone, 10 s
for L28 siltstone, and 16 s for Tage welded tuff (Figure 4). The temperature steps reveal that the center tem-
perature of the rock specimens was not disturbed by the large temperature change in the oil but rather was
only affected by changes in the hydrostatic pressure during the ﬁrst 14 s, 20 s, and 30 s in tests RJS-05, L28-08,
and TTF-01, respectively. The temperature data also indicate that the change was an adiabatic
compression/decompression process during the ﬁrst 14 s, 20 s, and 30 s in tests RJS-05, L28-08, and
TTF-01, respectively. Consequently, accurate adiabatic pressure derivatives of the temperature of rock
specimens RJS (βRJS), L28 (βL28), and TTF (βTTF) can be obtained easily from the center temperature responses
of the rock specimens due to the conﬁning pressure changes during the ﬁrst 7 s to14 s, 10 s to 20 s, and 16 s
to 30 s after opening the valves. The results show that βRJS are about 4.85 mK/MPa and 4.75 mK/MPa, βL28 are
about 3.92 mK/MPa and 3.82 mK/MPa, and βTTF are about 6.15 mK/MPa and 4.96 mK/MPa during the rapid
loading/unloading process in tests RJS-05, L28-08, and TTF-01, respectively (Figure 4). Values for βRJS, βL28,
and βTTF are slightly higher during the loading process, because the pressure changes were a little greater
during the unloading process than that during the loading process in the three tests, and β decreases as
the conﬁning pressure change increases for most of the rocks. This will be discussed in detail in
section 5.2, β Dependence on Levels of Stress Changes.
For each rock specimen, a set of tests was carried out at different conﬁning pressure changes (Table S2). As an
example, Figure 5 shows the temperature changes (dT) in rock samples L28 and RJS for different conﬁning
pressure changes (dP) and linear ﬁtting results. Thus, ‾βL28 and ‾βRJS are determined to be 3.66 mK/MPa and
4.75 mK/MPa at ~23°C, respectively.
3.5. Experimental Results
In this study, we carried out a set of tests for each dry rock specimen with various conﬁning pressure changes
using experimental procedures as outlined above. Based on step changes observed in the rock sample center
during rapid loading/unloading process, we obtained the adiabatic pressure derivatives of the temperature
(‾β) for 15 rock samples (Table 1). We also measured tap water (WT) and six kinds of auxiliary materials: hard
plastic (HP), hard rubber (HR), hard silicone (HS), soft silicone (SS), rubber jacket (RJ), and silicone oil (Oil),
using the same methods. The measurement results show that β for most crustal rocks is about 1.5 mK/MPa
to 6.2 mK/MPa, and the temperature response of the sedimentary rocks (~3.5–6.2 mK/MPa) is larger than that
of igneous and metamorphic rocks (~2.5–3.2 mK/MPa) (Table 1). Key experimental records and results are
listed in Table S2.
4. Numerical Analysis
A ﬁnite element model of heat conduction was ﬁrst built to analyze the temperature change in the center of
the rock specimens. We then solved for the temperature distribution in the specimens during the loading
events, taking tests RJS-05, L28-08, and TTF-01 as examples. Finally, by comparing numerical predictions with
experimental results, we determined reliable β values for tests RJS-05, L28-08, and TTF-01 during the
loading process.
Figure 5. Temperature changes (dT) of rock samples L28 and RJS for
different conﬁning pressure changes (dP) and the linear ﬁtting results.
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4.1. Numerical Method
The experimental results presented previously show that changes in the center temperature of rock speci-
mens were only due to hydrostatic pressure change during the ﬁrst 14 s, 20 s, and 30 s following
loading/unloading in tests RJS-05, L28-08, and TTF-01, respectively (Figure 4). To have a clearer understand-
ing of temperature changes, a heat conduction ﬁnite element model framed in a two-dimensional cylindrical
coordinate system (2drz) was built to obtain temperatures (T) at radii (r) and depths (z) from the rock sample
















A ¼ β ρcð Þ ∂P
∂t
; (5)
with the initial condition
T r; z; 0ð Þ ¼ 0; r ≤ 25mm; zj j ≤ 80mm (6)
and boundary conditions given by experimental records from temperature sensors T02 and T03,
T r; z; tð Þ ¼
T02 tð Þ; r ¼ 25mm zj j ≤ 25mm
T03 tð Þ;
r ¼ 25mm; 25mm < zj j < 80mm;
zj j ¼ 80mm
(8><
>: (7)
where λ is the thermal conductivity, ρc is the volumetric heat capacity, β is the adiabatic pressure derivative of
the temperature, and A is the “heat source” term driven by conﬁning pressure change. The measurements for
λ, ρc, and β of all rocks and auxiliary materials are listed in Table 1.
Figures 6a and 6b show a ﬁnite element geometric model of the rock sample assembly used in this study and
the local structure around the temperature sensor T01. In this model, only half of the rock specimen section is
shown because all rock specimens are axially symmetrical along the center axis. The rock specimen
(gray-green) is in the center, and the end pieces of hard/soft silicone (pink/gray) and hard rubber (black)
are at the top and bottom, respectively. Between the rock specimen and hard silicone/hard rubber, there
Figure 6. (a) Schematic diagram of heat conduction ﬁnite element model in a 2drz system, (b) the local structure around
the temperature sensor T01 in the center hole, and the temperature proﬁles at (c) 1 s, (d) 7 s, (e) 14 s, and (f) 80 s after rapid
loading in test RJS-05, respectively. The size of temperature sensors is 1.95 mm × 1.25 mm × 0.93 mm, and the diameter of
each wire is 0.2 mm. So the equivalent radii of the temperature sensor T01 and the four wires are 0.4 mm and 0.14 mm in
the ﬁnite element model, respectively.
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are two pieces of hard plastic (white). The temperature sensors (T01, T02, and T03) and the sizes of the rock
specimen and pieces of hard silicone, plastic, and rubber are marked. This model was meshed to 6435
quadrilateral elements. In this model, the spatial resolution is within 1.0 mm (i.e., dr < 1.0 mm and
dz < 1.0 mm), especially in the local area around the axial hole. The initial temperature of both the rock
specimen and hard silicone was set to be 0°C, because the experimental system almost tended to
temperature equilibrium before loading and unloading (equation (6)). The temperature boundaries of rock
specimens (orange line in Figure 6a) and silicone, plastic, and rubber pieces (green lines in Figure 6a) were
based on measurements on the rock surface (T02) and in oil (T03) which are shown in Figure 3
(equation (7)). In this model, the thermal conductivities (λ) and the volumetric heat capacities (ρc) of rock
samples and silicone, plastic, rubber, and thermally conductive silicone grease were measured at room
temperature and atmospheric pressure with the hot-disk method, too [Gustafsson, 1991; ISO, 2008; Lin
et al., 2014] (Table 1). The temperature sensors are PT1000 platinum resistance detectors in which the
major component is hard ceramic (HC) with very thin platinum ﬁlm. The material of the electrical wires is
constantan which is a kind of copper nickel alloy (CNA: 60Cu-40Ni). The thermal properties of the hard
ceramic and the constantan are listed in Table 2.
The “heat sources” (A) of rock samples and auxiliary materials can be calculated by equation (5) because β had
been measured (Table 1), and the conﬁning pressure change rate (∂P/∂t) can be obtained from the
loading/unloading test records. There is a hole in the center of the hard plastic between the hard silicone
piece and the rock sample. This hole was not ﬁlled with anything, expect for the four electric wires
(Figures 1, 2a, and S5c). The diameter of the hole is 2.8 mm. The diameter of each wire is only 0.2 mm.
Therefore, there is space for the thermally conductive silicone grease to freely deform if the volume change
of the rock sample is not too large under conﬁning pressure. This means that there is no stress change in the
hole during conﬁning pressure cycling. If the conductive grease experiences compression/decompression,
the temperature in the hole center should increase/decrease immediately after loading/unloading. All experi-
mental results show that the temperature in the hole center (T01) always increased/decreased gradually
during the ﬁrst several seconds after rapid loading/unloading (Figure 4). Therefore, the “heat source” term
in the hole can be set to be 0 (i.e., A = 0) because the stress change rate was 0 (∂P/∂t = 0).
4.2. Numerical Predictions and Comparison With Experimental Results
Based on the ﬁnite element model described previously, with its initial and boundary conditions, we solved
for the temperature distribution during the loading processes in tests RJS-05, L28-08, and TTF-01. The tem-
perature proﬁles at 1 s, 7 s, 14 s, and 80 s after the instantaneous loading process in test RJS-05 are illustrated
in Figures 6c–6f, respectively. Comparisons between the measured and predicted changes in the center
temperature during the ﬁrst 80 s in the three tests are shown in Figures 7a1, 7b1, and 7c1. The measured
T01(Meas) and modeled T01(Mod) temperature curves reveal almost the same temperature changes during
loading processes in each test. Figures 7a2, 7b2, and 7c2 show the change rate of temperature (dT01/dt) in
the hole center. The trends for the measured, dT01/dt(Meas), and modeled, dT01/dt(Mod), change rates of
temperature are almost the same, too, although the dT01/dt(Meas) ﬂuctuates more widely than dT01/dt
(Mod) because the resolution of the PT1000 temperature sensors is about 1.0 mK at room temperature
[Qin et al., 2013]. This means that both the measured and predicted results were accurate and reliable.
It is worth noting that the experimental and modeled results show that the temperature in the hole center
(T01) always increased gradually during the ﬁrst several seconds after instantaneous loading, then kept
nearly constant for a short period, before ﬁnally rising again in all tests (Figure 7). Thus, there are the very
obvious steps in the center temperature change. During the steps, the change rates of temperature
Table 2. Thermal Properties of the Hard Ceramic and Constantan





References(W/(m K)) (MJ/(m3 K)) (mm2/s) (mK/MPa)
HC Hard ceramic 25 1.40 2.295 0.61 21.0 2.73 Liu [1981]
(1.20–1.62) (2.268–2.322) (0.53–0.71) (19.5–22.5) (2.56–2.89)
CNA Constantan (60Cu-40Ni) 25 22.20 3.657 6.07 56.4 4.60 Lide [2010]
aβ of hard ceramic and constantan were calculated values using equation (2).
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(dT/dt) are almost 0, especially in the curves for dT01/dt(Mod) (green lines in Figures 7a2, 7b2, and 7c2). The
change rates of temperature are up to ~15–20 mK/s before the steps and increase slowly after the steps.
This means that the thermally conductive silicone grease absorbs heat from the rock sample until the
local area around the hole achieves temperature equilibrium. After keeping a constant temperature for
several seconds, the center temperature is affected by heat conduction from oil. Movies S01 and S02
provide very clear images to understand the inner temperature evolution of the whole rock specimen
during the loading/unloading process.
The numerical simulation results provide not only a strong evidence that all the measurements made by the
new hydrostatic compression system developed for this study are reliable but also a basis to determine the
range of the steps which represent an adiabatic condition. In addition, the experimental and modeled results
indicate that temperature step periods during the loading/unloading process are dependent on the thermal
diffusivities (κ) of the rock samples. For example, the periods of the temperature step in tests RJS-05, L28-08,
and TTF-01 are 7–14 s, 10–20 s, and 16–30 s, respectively, because the κ values of RJS, L28, and TTF are
1.88 mm2/s, 1.08 mm2/s, and 0.61 mm2/s (Table 1), respectively. This indicates that the temperature step per-
iods in the rock sample center will increase as κ decreases.
Consequently, it is easy to calculate β accurately for other rock samples based on the steps in the center tem-
perature change during the loading/unloading processes. For example, β values for RJS (βRJS), L28 (βL28), and
TTF (βTTF) were found to be 4.85 mK/MPa, 3.92 mK/MPa, and 6.15 mK/MPa during the loading processes in
tests RJS-05, L28-08, and TTF-01, respectively. These results can be conﬁrmed by comparing the center tem-
perature changes in numerical predictions made with the ﬁnite element model with the experimental results.
5. Discussion
5.1. β of Granite and Water
Cooper and Simmons [1977] measured the coefﬁcients of volumetric thermal expansion (αv) of several granite
samples from different regions with the equipment and techniques described by Richter and Simmons [1974].
Their results for granite ranged from 1.99 × 105/K to 2.51 × 105/K at 25°C. The densities of their granite
samples are about 2.60 g/cm to 2.65 g/cm. Our measurement for dry granite (L35) from the Longmenshan
Fault Zone is about 2.635 g/cm (Table 1), which is close to the results of Cooper and Simmons [1977]. If we
assume that the coefﬁcient of volumetric thermal expansion of L35 is within the range of the results of
Cooper and Simmons [1977], and the volumetric heat capacity at constant ρcp is not greatly affected by pres-
sure, we can estimate the β value of L35 granite (βL35) by equation (2), using the measured volumetric heat
capacity of L35 from this study (ρc = 2.352 MJ/(m3 K), Table 1). The calculated βL35 ranges from 2.52 mK/MPa
to 3.18 mK/MPa (Table 3). The measured βL35 ranges between 3.14 mK/MPa and 3.37 mK/MPa, which is close
to the calculated range (Table S2).
Figure 7. The experimental and numerical results of the temperature change in the hole center of the RJS, L28, and TTF specimens during loading processes in tests
RJS-05, L28-08, and TTF-01, respectively. The T01(Meas) and T01(Mod) are measured (red lines) and modeled (blue lines) temperature curves. The dT01/dt(Meas) and
dT01/dt(Meas), are the measured (gray lines) and modeled (green lines) change rates of temperature, respectively.
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In addition, as the salinity of tap water is assumed to be near 0, we calculated the β of tap water to be about
16.1 mK/MPa at 21°C and atmospheric pressure, because the density (ρ), speciﬁc heat at constant pressure
(cp), and coefﬁcient of volumetric thermal expansion (αv) of tap water can be estimated under any conditions
by TEOS-10 (the ofﬁcial source for information about the Thermodynamic Equation of Seawater, 2010, http://
www.marine.csiro.au/~jackett/TEOS-10).
In comparing the calculated β of granite (L35) and tap water (WT) with the results of this study, the measure-
ments are found to be consistent with estimated values. Consequently, this provides another strong
evidence that the measurement results from the hydrostatic compression system developed in this study
are reliable.
5.2. β Dependence on Levels of Stress Changes
For each rock specimen, a set of tests was carried out with different conﬁning pressure changes (Table S2).
Because the shear stress in the hydrostatically pressured specimen was 0, and the hydrostatic pressure values
in the tests were much lower than the strength of the rock, it can be assumed that there was no damage
caused by the pressure cycles; i.e., effects caused by hydrostatic pressure history can be ignored. The results
indicate that β decreases with an increase in the change of conﬁning pressure (|dP|) for most rocks and sili-
cone oil when |dP| is less than 50 MPa (Figure 8 and Table S2). This is particularly important for estimating the
temperature change with the coseismic stress drop, which was found to vary widely within rupturing fault
zones [Bouchon, 1997; Olsen et al., 1997]. For example, the shear stress drops (△τ) were up to 3.5–11 MPa,
20 MPa, and 50 MPa during the 1999 Chi-Chi earthquake [Ma et al., 2000; Kanamori and Brodsky, 2004], the
2011 Tohoku earthquake [Iinuma et al., 2011; Hasegawa et al., 2012; Yoshida et al., 2012], and the 1989
Loma Prieta earthquake [Bouchon, 1997], respectively. Therefore, the coseismic mean principal stress drops
before and after the three earthquakes (△σm = (△σ1 + △σ2 + △σ3)/3) can be estimated to be about
3–9 MPa, 39 MPa, and 52 MPa, respectively, using △σm = 2·△τ/[3·sin(2θ)], which can be done if the effect of
the intermediate principal stress is neglected (i.e., △σ2 = 0) and we assume that the principal vertical stress
is constant and provided by gravity for thrust faulting [Scholz, 2002; Kanamori and Brodsky, 2004; Chen
et al., 2016]. Here the dips (θ) of the seismogenic faults are about 30°, 10°, and 70° for the Chi-Chi [Yeh
et al., 2007], Tohoku [Chester et al., 2012], and Loma Prieta [Dietz and Ellsworth, 1990] earthquakes, respec-
tively. This indicates that the coseismic mean principal stress drop (△σm) varies greatly over the fault for
various earthquake events and may even exceed 50 MPa. Consequently, an appropriate β should be used
to estimate the temperature change based on △σm.
For example, rock sample C01 was collected from the TCDP Hole-A, which locates at 120.73916°E, 24.20083°
N [Lin et al., 2007]. The depth of this sample was at ~1105 m being very close to the principal slip zone of the
fault at ~1111 m which ruptured during the 1999 Chi-Chi earthquake (Figure S2). The hypocenter was
located at 120.75°E, 23.87°N, with a depth of 7 km [Ma et al., 2000]. The measurement results show that β
of rock sample C01 (βC01) is 4.25–4.29 mK/MPa when the conﬁning pressure changes are within 30 MPa
to 50 MPa, but will be up to 4.62–4.89 mK/MPa when the conﬁning pressure changes reduce to less than
10 MPa (Figure 8f and Table S2). If we estimate the coseismic temperature decrease (△T) for the 1999 Chi-
Chi earthquake, the βC01 value of 4.62–4.89 mK/MPa should be used but not 4.25–4.29 mK/MPa since
△σm was ~3–9 MPa. Using the data of βC01 and △σm, the coseismic temperature decrease (△T) can be esti-
mated as ~14–44 mK. It is approximately close to the magnitude of the maximum negative temperature
anomaly (~25 mK) measured in the TCDP Hole-A drilled into the Chelungpu Fault at ~6 years after the earth-
quake [Kano et al., 2006].
Table 3. Comparison Between Calculated and Measured β for Granite and Water
Sample ID Lithology or Material T0 (°C) αv × 10




L35a Granite 25 19.9-25.1 2.352 2.52–3.18 3.14–3.37 Cooper and Simmons [1977]
WTb Tap water 21 227.72 4.173 16.10 17.67 TEOS-10
aρcp and β of granite (L35) were measured at about 24°C and 23°C, respectively, in this study (Table 1).bρcp of tap water was calculated at 21°C and atmospheric pressure (~0.1 MPa) when the salinity of tap water is assumed to be nearly 0 according to TEOS-10 (the
ofﬁcial source of information about the Thermodynamic Equation of Seawater, 2010, http://www.Marine.Csiro.Au/~jackett/TEOS-10).
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In order to compare the temperature change estimated using our laboratory data with the negative
temperature anomaly observed in the TCDP Hole-A by Kano et al. [2006], however, the following problems
have to be solved. First, we need to obtain the stress drop around the depth of the fault observed in the
TCDP Hole-A rather than the stress drop of ~3–9 MPa around the depth of earthquake hypocenter, and
temperature proﬁle diffused for ~6 years from the temperature proﬁle immediately after the earthquake
including the effect of stress drop. In addition, the temperature effects of pore water and pore pressure
change should be considered. Usually, the porous rocks are saturated with ground water, especially in the
deep. For the water-saturated rocks and dry rocks, there must be different temperature response
Figure 8. Measurements of β for each rock specimen and silicone oil at different pressure changes (|dP| is the absolute value of conﬁning pressure change) including
both loading and unloading data.
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mechanisms to the coseismic stress
change. Probably, the β of water-
saturated rocks may be lower than that
of dry rocks if the pore pressure keeps
constant before and after earthquakes
because the volumetric heat capacity
(ρc) of water (~4.173 MJ/(m3 K)) is much
higher than the ρc of dry rocks
(~1.261–2.352 MJ/(m3 K)) (Tables 1 and
2). Nevertheless, the β of water is up to
~17.67 mK/MPa which is an order of
magnitude higher than the β of dry
rocks (1.5–6.2 mK/MPa) (Tables 1 and 2).
Thus, the temperature of the pore water
may vary largely even if the pore pres-
sure change is small. In such case, the
coseismic temperature decrease should
be larger than that estimated using the
β of dry rocks.
5.3. Effects of Porosity (ϕ) and Bulk Modulus (K) on β
The temperature response of sedimentary rocks to stress change (with a β of about 3.5 mK/MPa to
6.2 mK/MPa) is larger than that of igneous and metamorphic rocks (with a β that ranges from 2.5 mK/MPa
to 3.2 mK/MPa) (Table 1). Furthermore, β ﬂuctuates widely for different sandstones. Consequently, the effects
of porosity (ϕ) and bulk modulus (K) on β require discussion.
5.3.1. Relationship Between β and Porosity (ϕ)
Figure 9 shows that β generally increases with porosity (ϕ) for all 15 rock samples. Additionally, there are two
good correlations between β and porosity (ϕ) when porosity is within 2.0% and ranges from 4.0% to 13.0%
(except for L17). The linear ﬁtting lines FL01 and FL02 are expressed as equations (8) and (9), respectively. A
relationship for situations where porosity is more than 15% cannot be found because we have only two
measurement results from the Berea sandstone (BRS) and Tage welded tuff (TTF) (Figure 9).
FL01 : β ¼ 1:4156·ϕ þ 1:92ð Þ; R2 ¼ 0:77;ϕ < 2:0%; (8)
FL02 : β ¼ 0:4578·ϕ  0:64ð Þ; R2 ¼ 0:80; 4:0% < ϕ < 13:0%; (9)
in which, R2 is the coefﬁcient of determination (similarly hereinafter), and the units of β and ϕ are mK/MPa
and %, respectively.
Figure 9. The relationship between β and porosity (ϕ) for all 15 dry rock
samples. The blue squares, pink triangles, and red dots are the results
when the porosity is within 2.0%, ranging from 4.0% to 13.0%, and more
than 15.0%, respectively. The blue line (FL01) and pink line (FL02) are the
linear ﬁtting curves when the porosity is within 2.0% and ranging from
4.0% to 13.0%, respectively.
Figure 10. The relationships between β and K (a) for all rock samples except TTF and (b) in two groups divided according to
porosity. The blue squares and pink triangles correspond to the results for rocks in which the porosity is less than 2.0% and
more than 4.0%, respectively. The black line (FL03) is the linear ﬁtting curve for the 14 rock samples (all except TTF). The red
and purple lines are the upper and lower limits, respectively. The blue line (FL04) and pink line (FL05) are the linear ﬁtting
curves for porosities less than 2.0% (except for L27) and more than 4.0% (except for KBT), respectively.
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5.3.2. Relationship Between β and Bulk Modulus (K)
The more interesting aspect of this work is that there may be a good linear correlation between the measure-
ment results of β and the bulk modulus (K) (Figure 10a). This applies to 14 of the 15 rock samples; K for the
Tage welded tuff (TTF) was lacking (Table 1):
FL03 : β ¼ 0:068·K þ 5:69ð Þ±0:4; R2 ¼ 0:85; (10)
where the units of β and K are mK/MPa and GPa, respectively (similarly hereafter).
If the results for β are divided into two groups based on porosity, we can obtain two improved linear
correlations between β and K when porosities are less than 2.0%, with the exception of L27 Limestone
(equation (11)), and more than 4.0%, with the exception of Karatsu basalt (KBT) (equation (12)) (Figure 10b).
FL04 : β ¼ 0:0433·K þ 5:08ð Þ; R2 ¼ 0:96;ϕ < 2:0%; (11)
FL05 : β ¼ 0:1029·K þ 6:25ð Þ; R2 ¼ 0:89:ϕ > 4:0%: (12)
These empirical equations (equations (10)–(12)) will be very useful for estimating the distribution of β in the
crust, because K can be calculated by [ASTM, 1999]
K ¼ ρ 3V2p  4V2s
 
=3; (13)
when the proﬁles of crustal density (ρ) and velocities (Vp, Vs) have been obtained from gravity surveys and
seismic exploration.
In Figure 10b, despite the porosity of L27 being less than 2.0%, βL27 deviates from ﬁtting line FL04 and instead
trends to FL05 because it is a chemically deposited limestone. Meanwhile, βKBT deviates from ﬁtting line FL05
and instead trends to FL04, even though the porosity of KBT is more than 4.0% (~7.56%). However, the
Karatsu basalt (KBT) is a typical igneous unit, so its thermodynamic properties are close to those of the granite
(L35) and granodiorite (L24). This implies that there will be different correlations between β and K for
sedimentary, igneous, and metamorphic rocks. Unfortunately, it is difﬁcult to obtain correlations for igneous
and metamorphic because only two igneous rocks (L35 and KBT) and two metamorphic rocks (L24 and L25)
were measured in this study.
6. Conclusions
Properties that affect the temperature response of rocks to changes in stress are critical for understanding
temperature anomalies in the crust. Consequently, we have developed a new hydrostatic compression sys-
tem to measure the adiabatic pressure derivative of the temperature (β) for rock samples. In this hydrostatic
compression system, the rock specimen center can reach adiabatic conditions within the ﬁrst several sec-
onds (~10 s when the diameter and height of rock specimen are 5.0 cm each) following rapid
loading/unloading. In this case, an accurate value for β can be calculated for the rock, based on observations
of temperature step changes in the rock sample center during the loading/unloading process. Using this
experimental system, we measured 15 dry rocks, including representative lithologies of sedimentary,
igneous, and metamorphic rocks sampled from the Longmenshan Fault Zone, the Chelungpu Fault Zone
(TCDP Hole-A), and several quarries worldwide. The measurements of β for most rocks were ~1.5 mK/MPa
to 6.2 mK/MPa. All of these results can be conﬁrmed by comparing the temperature changes in the rock
sample center predicted by ﬁnite element modeling with those determined by experiments. The tempera-
ture response of sedimentary rocks to stress change (β ranges from 3.5 mK/MPa to 6.2 mK/MPa) is larger
than that of igneous and metamorphic rocks (β ranges from 2.5 mK/MPa to 3.2 mK/MPa). For most rocks,
β decreases as the change in conﬁning pressure (|dP|) increases. It is signiﬁcant that there is good linear cor-
relation between β and the porosity (ϕ) and bulk modulus (K). These empirical relationships are very useful
for estimating the distribution of β in the crust, because K can be estimated when proﬁles of crustal density
(ρ) and velocities (Vp, Vs) are obtained from gravity surveys and seismic exploration.
The new hydrostatic compression system and experimental method developed in this study are reliable
and provide a convenient system for obtaining accurate β values for laboratory-based rock samples. In
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actual geological settings, porous rocks are usually saturated with ﬂuid (e.g., ground water, oil), which can
inﬂuence β. Consequently, a very important aspect of future work will be to analyze the theory behind β
for ﬂuid-saturated rocks and carry out systematic experimental assessments of such geological units.
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